
  
  

In order to control heat load on divertor plates, methods of 
power reduction such as advanced divertor concepts, 
impurity seeding, detachment are proposed and actively 
studied. Impurity gas puff is one of possible methods and has 
been investigated experimentally in LHD1). We have 
developed transport model of plasma, impurity and neutral 
particles in the peripheral plasma by using EMC3-
EIRENE2),3) and applied to LHD4),5). The code solves fluid 
equation with Monte-Carlo technique and has the capability 
of resolving perpendicular transport across a magnetic field 
line in 3D space. We modeled a 1/20 toroidal block of the 
LHD plasma and the plasma mesh system of EMC3 covers 
the peripheral plasma which has long connection length, 
roughly >10m. The core region is excluded from the 
simulation and modeled as boundary conditions at the last 
closed flux surface (LCFS). The magnetic axis is located at 
Rax=3.6m and the vacuum field, i.e., zero beta plasma, is 
employed to make the calculation mesh. 

We analyzed a LHD discharge with neon gas puff by 
EMC3-EIRENE. Input parameters were based on the 
discharge #117478 (17th cycle, 2013) and determined to 
reproduce a radial distribution of the plasma: input power 
Pin=11.6MW, electron density at core-SOL boundary 
ne=3.3×1019/m3, perpendicular transport coefficients 
D=Dimp=1.0 m2/s and χe=χi=0.4 m2/s. After a neon puff, the 
plasma becomes steady state and the enhanced radiation 
continued until the end of the discharge. That fact indicates 
that some amount of neon gas was confined in the device and 
recycled through ionization and surface recombination in 
steady state. Therefore, we modeled the neon as no gas puff 
but surface source on the divertor plates and no wall loss to 
realize 100% recycling. The amount of neon is determined to 
have the same amount of total radiation as that measured by 
bolometer, 2.5MW. We simulate carbon and neon, which 
have 0.24MW and 1.4MW radiation, respectively, and the 
remaining 0.86 MW radiation is from hydrogen. 

We compared distribution of density and radiation of 
carbon and neon and found that much neon accumulate in the 
ergodic region than carbon, see Fig. 1(a). The physical 
reason of it can be understood from neutral transport and 
force acting on ions. Neon has higher ionization energy and 
deeper penetration into the plasma. The penetration limit is 
drawn in Fig 1(a) as white lines. Carbon has high density 
outside the limit, e.g. left side of the white line, and neon has 
mainly inside the limit. This limit is consistent with the 
distribution of electron temperature. Figure 1(b) shows 
distribution of force balance on impurity ions. Positive value 
(red) means friction force dominant and negative value 
(blue) means thermal force dominant. Friction force pushes 

ions toward downstream and thermal force is opposite. Neon 
has deeper penetration and can access to the thermal force 
dominant region and therefore neon is transported toward 
upstream more easily than carbon. That is the reason of 
larger accumulation in the ergodic region. 

Fig. 1: distributions of (a) C and Ne density and (b) force 
balance on impurity ions. The white and black lines in the 
both figures represent penetration limit of neutral impurity 
particles.  

Helical plasma has complicated structures of magnetic 
field lines and impurity transport is also complicated in space. 
Figure 2 shows density distribution of neon ions along a 
magnetic field line. The field tracing was carried out from 
the neon density peak in Fig. 1(a) toward the both directions, 
e.g. positive and negative. Thermal force is dominant in field 
line except near the divertor plates, where fast plasma flow 
exists because of collisional presheath. The neon ionized in 
the divertor plasma experiences successive ionization to 
higher states and transported toward the upstream. In the 
middle of the field line, flow speed of impurity becomes zero 
and causes a large peak. Ions flow from the both side and 
escape from the field line due to perpendicular transport. 

  

Fig. 2: distributions of neon density with three charge- state 
groups (green, blue and magenta lines) and force balance 
(red line) along a magnetic field line. 
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(b)(a)Turbulent transport is one of the most critical is-
sues for plasma confinement in magnetic fusion devices.
The GKV-X code solving the gyro-kinetic equation has
been used to examine the ITG mode and zonal flows in
the LHD for studying the turbulent transport in helical
plasmas. The reduced model of χi ∼ ρ2tivtif(L, τ̃ZF )/R
is taken using the GKV-X code for the high-Ti LHD dis-
charge. Here, L is the mixing length estimate γ̃k̃y

/k̃2y in-

tegrated over the k̃y space, where γ̃k̃y
is the normalized

linear growth rate of the ITG mode and τ̃ZF is the nor-
malized decay time of zonal flows. However, it is costly
to carry out linear calculations of the growth rate by the
gyrokinetic simulation at each time step of the dynamical
transport code such as TASK3D, because the transport
analysis of helical plasmas demands a high radial res-
olution so as to accurately evaluate the radial electric
field and the field configuration. The ion temperature
gradient scale length LTi(= −Ti/(∂Ti/∂r)) is chosen for
the parameter to apply L to avoid the linear gyrokinetic
analysis at each time step of the transport simulation.
The field configuration is fixed at the initial state in the
transport simulation. We have developed the formula for
L in terms of LTi . The computational cost to obtain the
value of the turbulent ion heat diffusivity by this mod-
eling at each time step of the transport simulation is
much smaller than that of the linear gyrokinetic simula-
tion. The simulation results for the high-Ti discharge of
the shot number 88343 have been shown. In this study,
the modeling of the mixing length estimate term and the
zonal flow decay time is done for the high-Ti discharge of
#109081. The value of the density gradient scale length
in the case of #109081 is different from that in the case
of #88343. This additional modeling is applied to the
transport code and enables us to study the simulation
results with the experimental results in LHD.
Firstly, the linear analysis is done using the GKV-
X code for the additional modeling of the turbulent
ion heat diffusivity. The analysis of the plasma dy-
namics using TASK3D was done for #109081 in LHD.
A reduced model for the ITG turbulent heat diffu-
sivity in terms of the functions L

(
≡

∫
(γ̃k̃y

/k̃2y)dk̃y

)

and τ̃ZF (= τZF /(R/vti)) was obtained as χi/χ
GB
i =

A1Lα/(A2 + τ̃ZF /L1/2), where χGB
i is the gyro-Bohm

diffusivity, γ̃ = γ/(vti/R) and k̃y = kyρti. As the func-
tion of LTi , the parameter L is modeled by

L = a(ρ)

(
R

LTi

− R

LTc

)
, (1)

where LTc is the normalized critical ion temperature gra-
dient for the ITG instability. To examine the critical ion

Fig. 1: The radial dependence of (a) R/LTc and (b)
a(ρ) is shown with filled circles for #109081 in LHD.

temperature gradient for the ITG mode, the dependence
of L on R/LTi is examined with all plasma parameters
fixed except the ion temperature gradient. When we
use the modeling for the mixing length estimate and the
zonal flow decay time at t = 4.2s for #109081 in LHD,
the fitting polynomials of (a) the normalized ion tem-
perature gradient R/LTc and (b) a(ρ) are obtained as
R/LTc = 4.712−38.644ρ+512.56ρ2−2481ρ3+5991.3ρ4−
6810.3ρ5 + 2911.3ρ6 and a(ρ) = 0.13049 + 6.3631ρ −
45.33ρ2 + 134.8ρ3 − 177.95ρ4 + 90.153ρ5 − 4.6622ρ6 in
figure 1. The fitting function for τ̃ZF : τ̃ZF (fit) =
0.34823+6.817ρ−15.452ρ2+15.972ρ3−6.4126ρ4 is shown
for the case of #109081 in LHD.
The transport dynamics is examined using the modeled
turbulent ion heat diffusivity, when the TASK3D is per-
formed. The radial profiles of the density and the elec-
tron temperature are fixed. The dynamics of the radial
Ti profile is simulated by solving the diffusion equation.
The profile of the radial electric field Er is derived from
the ambipolar condition at the initial plasma state. In
#109081, one negative radial electric field is shown from
the ambipolar condition and is dynamically fixed. At
the initial state, the ITG mode is stable in the region
0.0 ≤ ρ ≤ 0.8. The simulation results using the diffu-
sion equation for the ion temperature shows the higher
value than the experimental results in the core region.
At the plasma center, the value of Ti of the simulation
result is 4.2keV, which is higher than the value of Ti:
3.2keV for the experimental results in LHD. The ITG
mode becomes unstable in the region 0.18 ≤ ρ ≤ 0.42 at
the stationary state of the simulation results. However,
the neoclassical transport is dominant compared with
the turbulent transport driven by the ITG instability.
In the case of #109081, the value of Ln becomes much
smaller than the case in #88343. At ρ = 0.5, the val-
ues of ηi(= Ln/LTi) are −12.0 and 1.37 for #88343 and
#109081 in LHD, respectively. In this study, we perform
the gyrokinetic simulation with the adiabatic electrons.
It is not enough for showing the Ti profile close to the ex-
perimental one only by the ITG stability analysis using
the adiabatic electrons, especially for #109081 case. The
gyrokinetic simulation with the kinetic electrons shows
the larger ion heat flux than that by solving the gyroki-
netic equation with the adiabatic electrons.
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